ABSTRACT: Measurements of dissolved free amino acids (DFAA) combined to phytoplankton and particulate matter parameters of water samples are described with reference to spring and summer hydrological conditions offshore the coast of Brittany in the Ushant front region. DFAA were found to exhibit vertical, lateral, diel and seasonal variations. Major differences were due to variations of a limited number of amino acids: aspartic acid, serine, histidine, threonine, glycine, alanine, leucine and ornithine. They were found to be enriched at the boundaries of the halothermoclines and the frontal region. Spectra of amino a c~d s and total DFAA concentrations were rather similar in samples representative of mixed and stratified waters at a given season. There were no significant correlations between total DFAA concentration and phytoplankton pigments. The magnitude of seasonal and diel variations of amino acids suggest that their turnover may be related to a variety of biological, physiological and biochemical processes prevailing in the pelagic ecosystem.
INTRODUCTION
Fronts in the shelf waters of northwest Europe are boundaries between dissimilar physical environments, with plankton conlmunities presenting relatively high biological activity (Holligan, 1981) . The Ushant frontal system near the coast of Brittany extends into the western English Channel; it has been described extensively in terms of both physical (Dietrich, 1950; Pingree and Griffiths, 1978; and biological (Le F&vre and Grall, 1970; Holligan, 1981; Linley et al., 1983; Holligan et al., 1983; Le Fevre et al., 1983) oceanography.
Among the most striking properties of this frontal system are the 2 bodies of water, warm stratified offshore and cool mixed inshore, whose positions are predictable (Pingree and Griffiths, 1978) and the boundary, which varies seasonally. Holligan et al. (1983) wrote that 'in the frontal regions the phytoplankton was the dominant compartment, whereas in stratified waters zooplankton biomass considerably exceeded that of the phytoplankton. Under conditions of tidal mixing an intermediate situation was observed'. Pingree et al. (1975) suggested that the This work is a contribution of GREPMA (Groupe Regional d'Etudes Pelagiques en Manche-Atlantique)
O Inter-Research/Printed in F. R. Germany growth of phytoplankton in frontal waters resulted from the combined effects of vertical mixing and surface stabilization providing favourable nutrients and light conditions. It is also agreed that detritus, phytoplankton and bacteria tend to accumulate at density gradient boundaries such as halo-and thermoclines (Goering et al., 1970; Rheinheimer, 1974; Krause, 1981; Linley et al., 1983) .
The occurrence of high phytoplankton standing stocks should be theoretically reflected in the levels of extracellular metabolites such as amino acids. However, amino acids are metabolites released by both phytoplankton (Hellebust, 1974) and zooplankton (Webb and Johannes, 1967) . Their occurrence may be due also to the lysis of old cells (Hammer and Eberlein, 1981; Poulet and Martin-JezBquel, 1983) or to leaching during 'sloppy feeding' of grazers (Lampert, 1978) . They are used in heterotrophic growth and physiology of both bacteria (Amano et al., 1982) and phytoplankton (Wheeler et al., 1974; Liu and Hellebust, 1976; Bonin and Maestrini, 1981; Dortch, 1982) . They are also chemical activators for several species of zooplankton crustaceans (Fuzessery and Childress, 1975; Hamner and Hamner, 1977; Poulet and Ouellet, 1982) . The involvement of amino acids in various physiological and biological processes may be of importance in the dynamics of plankton communities in the frontal regions, where, according to Linley et al. (1983) , 20 to were obtained by screening seawater through a 60 % of the primary produdion enters the microbial 200 pm mesh sieve and then filtering 200 to 500 m1 food chain through dissolved components. The aim of through 2 mm Whatman GF/C glass fibre filters prethe present study was to examine the partitioning of ashed at 450 "C for 10 h. Filters were stored at -20 "C dissolved free amino acids (DFAA) in frontal waters.
and then oven dried at 55OC prior to analysis with a Carlo Erba elemental analyser (Model 1106) calibrated with cyclohexanone or 1 : 5 diphenylcarbazide stan-METHODS dards.
Sub-samples for DFAA, 100 m1 each, were filtered Positions of the stations monitored in the Ushant gently by gravity through Whatman GF/c glass fibre front regions are shown in Fig. 1 . Observations were filters pre-ashed at 450°C for 10 h, Filtrates were colachieved during the Satir-10 cruise in the late spring lected in 6 ml vials and stored at -20°c, Glassware (Stations A-8, 11, 13, 16: 12-13 May 1982) and during utilized for the sampling and storage of amino acids the Satir-Dynatlant cruise in the late summer (Stations samples were ultra-cleaned, Analysis of D F u were 1 to 9, 165, 172, 175, 180, 193, 240, 242: 11-22 S~P -performed by precolumn fluorescence derivatization tember 1982). In May, temperature and salinity profiles with 0-phthaldialdehyde using r e~e r s e d -~h a s e high were obtained with reversing thermometers and water performance liquid chromatography, following the samples collected with Niskin bott!es, whereas, ir? method of iindroth and and according September, a CSTD (General Oceanics) was used. At to specific procedures already described (Poulet and each station, water samples Were collected either with Martin-Jezhquel, 1983) . The HPLC was a LDC control 5 1 Niskin bottles mounted on a rosette (General data equipped with a LDC Flurometer Model I11 and a Oceanics) electrically triggered from deck, or with a Spherisorb column type S 5 0~~1 was used. Amino submersible Pump at the subsurface (= 2 M.1 below acids were identified by spiking with standards (Sigma the hull of the ship. Continuous records of the subsurChemical Co.) (Fig, 2; Mopper and Lindroth, 1982) . face fluorescence were obtained with a Turner Model (1965) . Chlorophyll a was estimated by filtering 100 to 200 m1 of seawater onto 0.45 pm membrane filters and measuring fluorescence of the 90 % acetone extracts before and after the addition of acid (Yentsch A and Menzel, 1963) . The fluorometer was calibrated with a solution of pure chlorophyll a (Sigma Chemical Co.), the concentration of which was determined spectrophotometrically (Lorenzen, 1966) . Samples for particulate organic carbon (POC) and nitrogen (PON) Recovery and precision representative of the method were identical to those mentioned earlier (Mopper and Lindroth, 1982 ; < 10 %).
RESULTS AND DISCUSSION
Identification of the sources of DFAA in seawater is complex. In shallow estuaries, their occurrence is only partly reflected in chlorophyll a concentrations and in phytoplankton cell density, whereas macrophyte and sediment surface appeared as the major sources (Jerrgensen, 1982; Macko and Green, 1982) . In open waters, the situation differs and increases of DFAA concentrations during, or following, periods of high primary production are sometimes reported (Wood, 1966; Riley and Segar, 1970; Crawford et al., 1974) . Excretion of nitrogen compounds by various organisms, including zooplankton crustaceans, may also contribute to the addition of non-algal amino acids (Webb and Johannes, 1967; Lampert, 1978) . Liebezeit et al. (1980) found in the Sargasso Sea that dissolved organic matter was enriched at pycnocline boundaries. This phenomenon was related to the particle standing stock and to the physiological activities of phytoplankton and bacteria accumulated at the halo-and thermoclines. In the Ushant front region, observations based on physical parameters showed the kind of vertical partitioning prevailing for DFAA (Fig. 3 ) .
In mixed waters, distribution of temperature, salinity and chlorophyll a were almost stable through the water column, whereas concentration of total DFAA varied with depth (Fig. 3 A) . On the other side of the front (Fig. l ) , where vertical temperature-salinity gradients were sharp, both amino acids and chlorophyll a concentrations were not equally distributed with depth (Fig. 3 B) . It is obvious that vertical stratification of chemical and biological parameters can be modified by physical perturbations such as tidal currents and Stratified waters (Station 165; Sep 1982) mixing (Fig. 3 A) . In well stratified bodies of waters, observations carried out at the l m interval in the vicinity of the physical boundary layer (Fig. 4) showed the microstructures of DFAA and chlorophyll a. Variable concentrations and enrichment of DFAA in the E euphotic zone is a common phenomenon in the presence of vertical density gradient at the microscale level (Fig. 3 B ; Liebezeit et al., 1980; Mopper and Lindroth, 1982) . Other kinds of discontinuity have been reported specifically near the bottom, where DFAA also tend to increase, probably due to microbial population activity (Fig. 3 B ; Mopper and Lindroth, 1982) . On a broader spatial scale (> 10 km) the physical structures and the distribution of total DFAA were compared. Continuous records of sub-surface (= 2 m) temperature, salinity and fluorescence, obtained when steaming across the frontal regions, are shown in Fig. 5 . The concentration of chlorophyll a increased towards the front and diminished in the inshore mixed waters. Highest concentrations occurred at Stations 3, 4 and 5 corresponding to the temperature-salinity boundaries on the front (F~G. 51, as reported earlier under similar conditions (Holligan, 1981) . Lateral vari-S T A T -1 2 3 4 5 6 7 8 9 ation of total DFAA concentration measured at each intermediate station did not show a trend similar to chlorophyll a although the highest value was also observed on the front at Station 5 ( Fig. 1 and 5 ). Mixed and stratified waters could not be clearly differentiated on the basis of total DFAA concentration alone. These results contrast with the discrepancy between the 2 regions, as shown by the chlorophyll/phaeophytin and C / N ratios, which were different on either sides of the front (Table 1) . Vertical and lateral variations of the physical structures (Fig. 3, 4 and 5) were also not reflected in the spectra of amino acids measured in the Ushant front regions. In September, the spectra were almost identical between mixed, frontal and stratified waters, at all depths, and they resembled that shown in Fig. 2 B . Serine, histidine, threonine, leucine, ornithine and lysine were the dominant amino acids in all samples. They were also the most variable in terms of concentration. Their occurrence was in agreement with the spectra of DFAA generally described in sea water (Daumas, 1976; Garrasi et al., 1979; Liebezeit et al., 1980; Dawson and Liebezeit, 1981; Jsrgensen, 1982; Mopper and Lindroth, 1982) . In May. mixed waters were prevailing in the entire region, nevertheless, variations of total DFAA concentrations, similar to those found in September, occurred from one station to the other. Spectra of amino acids were again identical among all samples, but they were different from those monitored during the September survey (Fig. 6) . Aspartic acid, serine, glycine, threonine and alanine were, in May, the most abundant amino acids in sea water. Thus, results obtained in spring and summer suggested that occurrence of DFAA on a broad scale is partly independent of the physical structures found in the Ushant region at a given season.
Seasonal variations of the spectra have been reported earlier (Riley and Segar, 1970; Daumas, 1976; Macko and Green, 1982) . One of the most striking features in comparing these authors' results obtained Table 1 Peak 14: as in Fig. 2 from various locations, including ours in the Ushant region ( Fig. 2 B, Fig. 6 ), is that similar amino acids (ASP, SER, HIS, THR, GLY, ALA, LEU and ORN) are very often the most common and the most variable in sea water. Attempts to relate temporal variations of both amino acid spectra (Fig. 6 ) and phytoplankton species composition alone (Table 2 ) seems rather speculative providing that bacteria can turnover the DFAA pool in few hours (Amano et al., 1982) . Although the quantity and type of each category of phytoplankton species was different between spring and summer, as were the spectra, we could not find a significant correlation between total DFAA concentration and versial (Jerrgensen, 1982; Macko and Green, 1982) . The type of 'chemical print' in the water, due to amino acids related to the composition, and physiology of the phytoplankton, as shown for cultures (Hammer and Eberlein, 1981; Poulet and Martin-Jezkquel, 1983) , is not so clear under field conditions. This is partly due to the high turnover of amino acids in natural environments with production being rapidly utilized by heterotrophic microorganisms (Amano et al., 1982) . Fig. 7 illustrates such fast variations. Day and night samples of amino acids were collected at 4 different depths within the same water column in the euphotic zone. The water body was monitored by following a drogue set above the thermocline in the stratified zone and, thus, we assumed that samples were originating from the same body of water. Although die1 variations of total DFAA concentration were small, higher changes for individual amino acid occurred depending on depth. While these variations were negligible at 13.3/12 m and 29.7/32 m ( Fig. 7 B-D), they had higher amplitude at 6.8/7 m and 17.5/17 m. At those depths, both addition of aspartic acid, serine, histidine and threonine and removal of leucine, ornithine and lysine occurred simultaneously (Fig. 7 A-C) . In 12 h, day-tonight differences for individual amino acids could be equal or higher than 40 %, whereas variations of total DFAA did not exceed 6 %. Similar die1 variations have been reported by Mopper and Lindroth (1982) . At this stage of our knowledge, physical factors associated with the water structures found in the front regions can hardly be responsible, alone, for the distribution of dissolved organic matter ( Fig. 3 to 7 ; Mopper and Lindroth, 1982; Holligan et al., 1983) . Over a broad scale (> 10 km), variations and distributions of DFAA are not likely linked to hydrological structures such as chlorophyll a in frontal regions (Pingree et al., 1975; Holligan et al., 1983) . Because amino acids are labile molecules with high turn over their variations are probably due to the following factors: (1) Species composition of phytoplanktor? when b!oornir?g (Macko and Green, 1982) . (2) Physiological stage of phytoplankton cells (Bonin and Maestrini, 1981; Hammer and Eberlein, 1981; Poulet and Martin-JBzBquel, 1983) . (3) Chemical composition of particulate matter (Poulet and Martin-Jezkquel 1983) . (4) Their actual source (Webb and Johanes, 1967; Jsrgensen, 1982) . (5) Rate of utilization by heterotrophic microorganisms (Wheeler et al., 1974; Williams and Yentsch, 1976; Dawson and Gocke, 1978; Jensen, 1983) . (6) Release rate during lysis of old cells (Hammer and Eberlein, 1981; Poulet and Martin-Jezequel, 1983) , or leaching during 'sloppy feeding' of grazers (Lampert, 1978) . (7) Scavenging process by metal oxyhydroxides (Mopper and Lindroth, 1982) .
Further field observations need to be carefully designed in order to monitor source, concentration, distribution and turnover rates of DFAA at various scales in the pelagic ecosystem.
